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bstract 

This is the final report on the measurement of low temperature 
viscosity and density of three different methanol-water solutions. The 
viscosit ies  and densities are reported for mixtures containing 8 3 ,  80 ,  

t. percent methanol over a temperature range of 100 C . to -1000 C . 
The experimental data and descriptions of the experimental equipment 

and ~ ~ ~ ~ e d ~ r ~ s  are given. 



This section contains the ~ o r n p u ~ i ~ i ~ ~ ,  viscosity, and the d @ n s ~ t ~  
af the three methanol-water mixtures studied, 

I Phase I 

Rensity @ 200 
C . , Gm/ml 0,8471 

.% CH30H 79.9 

Viscosity Density 
Centistoke Gm/ml i 

WJ 283.P6 

3 %  273.16 
;- 258.16 

* q  253.16 

1.64 0,8553 
2.07 
3.06 0,8759 
3,53 

- 1 -2 233.16 6.87 0.8954 
- . A  213.16 16.4 
- ;<  208.16 21.3 0.9155 

- - / ' ? .  193.16 55.0 
-/>a 183.16 127. 0.9364 

173.16 359 ' 0.9456 id< 

11 - 
0,8453 

77,o 

Viscosity Dens fty 
Centistoke Ern/m1 

1.75 0,8623 

3.38 0.8821 

7.93 0.9016, 

26.5 0.8211 

176. 0.9411 
538. 0.9500 

0.8392 
83.0 

Viscosity Density 
Cent is toke Gm/m 1 

1.52 0.8466 

2.75 6.8671 

. 86.8 0.9295 
1 229. 0.9390 
1 



~ ~ e r i m ~ n t a l  Procedure and Equipment 

Preparation of Solution s 
The mixtures were made from Analytical Grade, Anhydrous, Acetone- 

free, Methanol manufactured by Mallinckrodt Chemical Works, and distilled 
water. The specified minimum purity of the methanol was 99.5%. After the 
mixtures were prepared by weighing the methanol and distilled water, the 
density of each mixture was determined by pycnometer a t  temperatures near 
20° C. These densities were then corrected to ZOO C, 

Viscosity Mea surement 
The falling cylinder viscometer was used to determine some of the 

Viscosity of the 80% methanol mixture. The description sf this  equipment is 
given in Exhibit A. - 

The major portion of the viscosity measurements were made with a 
calibrated Cannon-Ubbelhode Viscometer. The data obtained with this 
viscometer agreed closely with those obtained with the falling cylinder 
instrument. This viscometer is shown in Exhibit B. 

Dens ity Mea sur ement  
The densities of the mixtures were determined by measuring the volume 

occupied by a weighed amount of mixture contained in a calibrated glass cell. 
Exhibit C is. a diagram of the cell. The cell was filled to a certain level 
with a known weight of the mixture and placed in the constant temperature 
bath, At each temperature a t  which the viscosity was measured, a catheto- 
meter was used to measure the level of the same mixture in the s t e m  of the 
cell. The density was then computed €rom the weight and the volume of the 
mixture. The density determinations are considered to be accurate to 0.1%. 

Constant Temperature Bath 
The constant temperature bath consisted of an agitated glass Dewar 

flask with two unsilvered strips to allow visual observation. An 80% methanol- 
water mixture was used as ' the bath fluid. The bath was cooled by vaporizing 
liquid nitrogen in a cooling coil within the bath, and the temperature was 
controlled by the addition of electrical heat through a nichrome wire coil, 



The temperature control system consisted of a platinum resistance 
~ h e ~ m ~ m e ~ e r ,  a Mueller ~ ~ ~ ~ g e ,  a D-C Null  Detector, a D-C A m ~ I i € ~ e r ,  and 
the nichrome wire heating coil. The resistance corresponding to the desired 
t ~ ~ ~ ~ ~ ~ t u ~ ~  was se t  OR the Mueller Bridge. The difference between the 
bridge setting and the resistance of the t ~ ~ r ~ ~ ~ e ~ e ~  represented the 
deviation in the temperature from the desired value, This  error signal was sent 
to the Null Detector w ~ i ~ h  amplified the signal and provided the input for 
the D-C amplifier. The D-C amplifier then amplified the error signal to 
provide the electrical power to the nichrome heater, This system permitted 
the ~ e ~ ~ ~ ~ ~ r n ~ n t  and c o n ~ ~ l  of the t ~ ~ p ~ ~ ~ ~ r ~  to within 0.010 C 
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density. 

Although the viscosity of methane in the superambient 
temperature region has been investigated extensively (1 
to 3, 5, 8, 9, 11, 19, Z J ) ,  there are relatively fcw data 
reported at  low temperatures. Pavlovich and Timrot ( I S )  
reported the viscosity of rncthane a t  temperatures to 

. -161°C. and pressures to 2,940 Ib./sq.in.abs. Ross and 
Brown (19) measured the viscosity of methane at tem- 
peratures to -50°C. and pressures to 10,000 lb./sq.in. 
gauge. Barua et  al. (2) made measurements on methane 

at temperatures to -50°C. and at  pressures to 

liquid viscosity range for methane from the atmospheric 
pressure range reported by Rossini et al. (20) to the 
critical point. 

The data coverage for propane is similar to that of 
methane. At superambient temperatures a number of in- 
vestigators have reported propane viscosities (1, 3, 6, 9, 
i f ,  22, 2.5 to 28)  while only the data of Swift (n), 
which extend to -65°C. and those of Rossini et al, ( 2 0 ) ,  
which extpnd from -40°C. to the freezing point, are 
awilnF .tt suhambient temperature. 

ril t h .  rtudy, the data for methane and propane in the 
Imv r t~iperature  range have been extended to pressures 
of 3.f -d )  Ib./sq.in.abs. The temperature range covered for 
rnt-t' I was -170" to 0°C. and for propane, -100" to 
0"f Iiwe data, together with those cited above, give 
rpd- complete coverage of the viscosity-pressure- 
ten,? ire domain for methane and propane in the 
lift';. 

viscOsitir 2,500 b.isq.in. gauge. Swift e t  al. (28) extended the 

de.-. and dense fluid regions. 

The virco~itier of methane and propane were determined at pressures ta 5,008 lb./aq. in. abr. 
QvCr a temperature range from -170" to 0°C. and -100" to 0°C.. rsspectirely, and the densities 
of ptopane were measured at pressures to 5,000 Ib./sq. in. abr. over the temperature range from 
-100" to 0°C. Reproducibility of the viscosity data was about zk 1.2% and for the most part 
agreement with literature values war within 2 2%. The rttimaFcd accuracy of the density maas- 
Lrsment was -+- 0.5%. The data reported were well correlated in terms of residrrsl viscosity VS. 

AFPARATUS AND MATERlALI  

The .yaratus used in this investigation ic zimilar to that 
report* ;BY Swift et al. ( 241 hut inclrporntm crrtain modifica- 
tions u. I h extend the upper operating ressure limit to 
12,000 1t1 /sq.in.ab. To date. &p apparatus Xes not h e n  o - 
crated at pressures a b v c  5,000 th./sq.in.ahs. because of t f e  
limitations of pressure measurin 

The viscometer used is of $>e IalEng cylinder type (see 
Figure 1). An assembly consisting of B rt ht circular cylinder 
of-alumintim ( A )  with pmtrusfon* ( E )  k r  mnting d p d r f c d  
contact and pins (H 1 for aligning the cylinder concentrically 

e Iii mcnt available. 
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within the vertically pocttinned precision bore tube ( B )  made 
of AIS1 316 stainless step1 is usad to make the viscority mew+ 
urements. Cylinder ( A )  ix  raised to flip top of tube ( H  1 by the 
action of a magnet [mounttd -yternally to tube ( E ) ]  on the 
two mild steel rods (G) itnbr~clded in rylinder ( A ) .  As up er 
protrusion ( E )  on cylidpr ( A )  comes into contact with e P ec- 
trical lrad ( a )  of the top electrical lead assembly ( C  f ,  c finder 
( A )  is disen aged from the magnetic field and falls drough 
the fluid conined in tube ( E ) .  The breaking of the electrical 
contact between upper protrusion ( E )  on cylinder ( A )  and 
electrical lead ( 0 )  of the top electrical lead assembly ( C )  
initiates a time count on a time interval meter. The making 
of the electrical contact bptween lower protrusion ( E )  on 
cylinder ( A )  and electrical lead (0) of the bottom electrical 
lead assembly (D) terminates the time count. The tube ( B )  
forms the ground side of the circuit in both initiation and 
termination steps of the time count. The electrical leads (0) 
are insu1ptt.d from tube (€3)  as shown in Figure 1. Electrical 
lead f Q )  makes a nonconducting, unsupported-area pressure 
seal with shoulder (Q) of plug ( M )  via hlylar gasket (N). 
Insulator (L )  spaces electrical lead ( 0 )  through the port in 
plug ( M )  to revent shortcircuiting. Washer (IC) and lock 
nut ( J )  hold $e assembly together and are tightened to effect 
the initial (zero pressure) seal between electrical lead (0) 
and plug (M). 

Falllng cylinder, A E g t r k a l  lead assembly, CBO 

F AkJrmnum body K Steel washer A Folllng cyllnder 

C Tw slec. lea6 a?sernbly H Alignment pin M IS plug 
D Bottom clcc leOd assembly I EltctrKal wire N Mylar gasket 
E ss protruslan J Locr nut 0 5s electrical leod 

B Reclslm bMe SS tubs G Mild 51ed md L N~~~-f?-&dl(c hSI&ta 

tU m l  YS. :T.tmVSS S-1 

Fis. 1. Diagram of ri%ometer assembly. 
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The viscoiwter is housed in a mntroll--d temperature 113th 
which is a modified vPr.iion oi the n w  dewribrtl by Sinnr 
f2-f). The heat transfer mcdiurrt for thc hnth is gawniw nitm- 
gpn at e prrswre slightly above atrnos 
nitrogpn 1s circuliitect by a high-speed vet 
ered hv an air motor. Liqitid nitrogen at 
is used a5 coolan:; the vaporizrd nitrogc 
into the bath a5 heat transfcr medium makeup. Coolant cnn- 
troi is effected hy controlling the back-pressure on the bath. 
An electrical resistance wire heater provides the amount sf 
heat necessary to offset the liquid nitrogen vaporization load 
at a preset temperature level. The resistance setting on the 
hr idp of a platinum resistance theniic7meter-hfiielIer hridge- 
d.c. nul! detector system sets the temperature level In the hath. 
A signal from the d.c. nuli detector reflecting the differmce 
ktv.'een thermamrtcr temperaturr and set-point temperature 
is fed to a solid state temperature control device which in 
turn proportionally controls the voltage drop across the re- 
sistance wire heater. 

' 
Temperature measurement and control at  ai! temperattire 

Ievelc employed in thir invrstigation were within 2 ft.0t"C. 
The p!, [mum resistance thermnntrter used far this purpose was 
calibrated against a siitlilar instrument, which in turn had hren 
calibrated directly by the National Bureau of Standards. Tern- 
perature dieerenees between therinonieter and various points 
on the viscometer were less than O.r"C. as measured by themin- 
couples whose reference junctions were mounted on the sensing 
element of the thermometer. 

Pressure measurements were made with a 5,000 Ib./sq.in.abs. 
Bourdon tube gauge whirh had a maximum uncertainty of 
t: 5 Ib./sq.in. The pressure gauge was calibrated a ainst a * 

was reproducible to i 0.2% at 98% confidence and was meas- 
u r d  with a Beckman Model 523OR-4 time interval nieter. 

The density measurements reported in this investigation 
we- etermined with a preci\iori bore, high-pressure burette 
which displaced measured vo!umes of fluid into the viscometer 
at B constant temperature and pressure. The data of Kvalnes 

dy ( 1 4 )  and of Sage and Lacey (23) were used tn 
:be vof*imes of fluid transferred to masses of fluid 

transfr'red. The accuracy of the density data reported in this 
study is estimated to be c 0.5%. 

Phillips pure grade (99 mole % minimum) methane and 
instrument grade (99.5 mole % minimum) propane were used 
in this investigation. These materials were introduced into the 
a paratus via tubes filled with ascarite and phosphorus entox- ick to remove trace quantities of water and carbon lioxide. 
Anal ses of the two materials by F h M Model 720 ehromato- 
grapi: witli a silica gel column are as follows: 

pressure balance acciirate to rt I Ib./sq.in. Time of B a11 data 

Mole % n - 
Pro- Bu- 

' hlethane Ethane pane tane Nitrogen 
Fure gr-de methane 99.31 0.15 0.01 - - - 0.53 
Instr. grade propane tracc - - - 99.97 0.03 trace 

CALIBRATION OF THE VISCOMETER 

The theory of the falling cylinder viscometer and the 
mPthod for correlating experimental calibration data in 
terms of the theory have been discussed in detail (15, 
16). The calibration data for the viscometer used in this 
inlrestigation are expressed in the form 

t 
1 

k 
i 

Fig. 2. ~ i s ~ e ~ e ~ e r  calibration plot. 

where flex,,, the viscometer constant determined experi- 
mentally by measuring times of fall for ~ l i b r & t i n g  fluids, 
whose densities and viscosities are known, at various tem- 
peratures and pressures, is defined as 

&lc. the viscometer constant derived theoretically in 
terms of the physical dimensions of the insmiment, is 
defined as 
~ ~ a l e = g ~ e 2 ( ~ - K 2 ) 4 ( ? - - ) a ~ ( 3 2 K * ( 1  + x 2 )  

[(I + K 2 ) h ( l / K ) -  ( l - K z ) ] )  (3) 
and De, the. equivalent diameter for the annular gap be- 
tween the falling cylinder and the viscometer fat! tube, 
follows from the dpfinitions €or the Rqlrntds number I l l j ~ ~ .  
f h @  friction factor f [see Equation (8.1-1) of Bird et ai. 
( 4 )  1, and f = l e / N R , .  and is expressed as 

De=2K*D,[(1 + ~ 2 ) I n ( l / ~ )  

- (L - .2)1/[(1- K )  (1- 2)23 ( 4 )  

The physical dimensions of the viscometer, s, D,, I?, and 
K = D,/Dt ,  are expressed as functions of temperature 
and pressure (16) in the relationships above so that all 
calibration data, expressed in terms of Equation (I) ,  are 
independent of temperature and pressure effects; that is, 
bred is a function only of the flow regime prevailing in 
the viscometer. can approach unity in the limit as 
s/@ approaches zero and is less than unity for finite values 
of s/@ because entrance and exit effects, alignment pin 
friction, etc., are not taken into effect in the theoretical 
development of &le. The effect of body acceleration to 
terminal veloci in the viscometer has been shown to b.J 

stud (13). 
' d e  fluids for calibration were selected so as to en- 

compass the range of Reynolds numbers anticipated in 

negligible at a 7 1 Reynolds numbers encountered in this 

1 0.3077 2.448 0.9351 -0.03870 rt0.61 0.3833 0.5441 -0.1427 20.81 2.917 

3 0.3087 2.327 1.0207 -0.04888 k0.81 4,3075 1.1564 4.2730 20.6 2.759 

a f F w m t a p  emn hrt EqiuHnnr ( 5 )  nnd ( A )  rmp-ztfvrlv arc rcwrtrd L. a*+n=u* ~ P - W ~ R R C  m o m  of thr d a h  poinb ham tbe r r m l c m  cwva. 

2 0.3078 2.488 0.9353 -0.04482 k0.85 -0.6431 i.2495 -0.2956 k O . 8 3  2.904 

t kxE(N*.)r.i f~ the Ir~gcrl bg(hr , )  rnmtmt;red durin the cetfhrstion 
dlametw of tbe vtrometrr tubs w u  0.3140 fn. ddimmaion, of ihs apparatus were meuumd at S5.C. 

A.1.Ch.E. Journal 
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the experimental investigation and to insure internal con- 
sistency of viscosity data insofar as possible. The fluids 
used (all PhilKips 99 mole % minimum purity hydrocar- 
bons) and the Eteratpe referenw for viscosity and dens- 
ity data were: 

Viscosity Density 
literature literature 

Fluid reference reforence 

Methane 2 
Propane 26 
n-Butane 10 
n-Hexane and 20 

n-Octane 

14,29 
23 
23 
20 

Three felling cylinders, each falling in the same vis- 
cometer tube, were calibrated, giving the results shown 
in Figure 2 and Tabfe 1. The form of the functional re- 
lationship of Equation (1) was determined for each fail- 
ing cylinder by regression analysis after observing that 
the data de icted in Figure 2 indicated transition points 

less than the transition value should be 
such that t K e form for regression at Reynolds numbers 

fired = AO 4- Ai l o g ( N R e )  ( 5 )  
while at Reynolds numbers greater than the transition 
value, the r,  gression form should be 

Bred= BO + l o g ( N R e )  f BP [ l o g ( N R e ) J 2  (6) 

To determine experimental viscosities, the calibration 

1. lgcajcr t, and f), are computed for the temperature 
pressure at which the experiment was conducted. 

trid value of p i s  assumed and the Reynolds n w -  
is computed by using the e ~ ~ ~ m e n t a l ~ ~  determined 

data are used as follows: 

T''W 2 RECOMMENDED VISCOSfiV VALVES FOR 

LIQUID, VAPOR, AND FLUID MITHANE --. 
Pressure, Temperature, "C. 
Ib./sq. 
in.abs. 0" -25" -50" -60' -70" -80" 

Viscosity, mierapoise 

14.7 101. 93. 85' 83 80 78 
600 111' 103. 95. 92 90 94 
8 0  115' 108' 104. 103 113 235 

1,000 120 116 118 127 185 288 
1 ,m 138 144 184 229 280 345 
2.00 181 182 244 287 333 391 
3,000 214 258 330 384 403 453 

.5,00!-l 305 ' 361 432 483 501 555 
4 . m  m3 314 388 420 4\50 508 

-100' -120' -140"t -150" -180" -170" 

14.7 71 84 58 
Dewpaintf 75 86 58 
Babble 

pcintf 385 542 767 
fnn 405 570 810 

1 JP-$q 438 599 840 
~ , 5 0 0  477 831 878 
2 . m  512 684 917 
3,000 573 727 990 
4.000 627 788 1,080 
5,000 676 847 1,140 

55 
55 

940 
!NO 

1,020 
1,070 
1,110 
1.20 
1,280 
1,370 

52 
52 

1,140 
1,190 
1,wo 
1,280 
1,330 
1,420 
1,520 
1,620 

1,440 
50 

1,440 
1,510 
1 . s o  
1,620 
1,880 
1,810 
1,930 
2,060 

TABLE 3. RECOMMENDED VIBC05f131 AND 

Dm8m VALLZES FOR J.,rgrttn rnorAm 

Pressure, Temperature, "C. 
Ib./eq. in, abs. 0' -40' 

Viscosity Viscosity Viscosity 
density density density 

Micropoise Micropoise Micropaise 
g./cc. g./cc. . g./ec. 

Bubble point+ 1,260 0.528 1,550 0.554 1,940 0.578 
1,000 1,380 0.540 1,670 0.564 2,070 0.587 
2,000 1,490 0.551 1,800 0.573 2,210 0.594 
3,000 1,600 0.561 1,910 0.582 2,340 0.602 
4,000 1,710 0.5BB 2,030 0.588 2,470 O.eO8 
5,000 1,810 0.578 2,150 0.595 2,600 0.613 

-80 * -80 * -100" 

Bubblc point* 2.450 0.802 3,100 0.624 4,290 0.640 
1,000 2,800 0.808 3,320 0.630 4,520 0.051 
2,000 2,750 0.618 3,500 0.636 4,760 0.655 

4,000 3.060 0.627 3,880 0.845 5,270 0.883 
5,000 3,220 0.832 4,060 0.851 5,540 0.88Q 

3,000 2,910 0.622 3,880 0.041 5,020 0.880 

Bubble point piemum valuw are from ths literature f f S ) .  

fall time and the density at the temperature and pres- 
sure of the experiment (either from literature or experi- 
ment). 

3. The appropriate regression relationship [Equatim 
( 5 )  or (6) for the falling cytinder used] is selected for 
the Reyno1d.i number computed in step 2. 

4. flex, i s  cum nted from &a,c, N R o  and the.appropri- 

5. p is computed from Equation ( 2 )  by using 8, 
a, and experimental data far 8 and p. 

6. This iterative procedure is continued until the as- 
sumed and computed values of p agree to within an 85- 

ate regression re r ationship. 

Fig. 3. Methane *ircosity vs. tampemtun. 
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signed tolerance. This proezdure is facilitated by using a 
digital computer. 

In the experimental investigation, methane at most and 
propane at au of the temperatures and pressures covered 
were in the Iiquid or dense fluid states such that the 
Reynolds numbers were below the transition value. Cer- 
tain of the low r e s 5 ~ r e - ~ e ~ h a n e  viscosity data were ob- 

numbers above the transition value, 
However, tkr highest lo! ( N R ~ )  value encountered in 
this case was 2.992, so t at only a modest extrapolation 
of the calibration was required. 

E X ~ ~ ~ ~ ~ ~ ~ T A ~  R~~~~~~ AN 

Experimental viscosity data were determined for meth- 
m e  at pressures to 5,000 ib./sq.in,abs. over the tempera- 
ture range from -170" to 0°C. and experimental viscosity 
m d  dertsity data were determined for propane at pres- 
sures to 5,000 Ib./sq.in.abs. over the temperature range 
from -100" to 0% The viscosities for methane and 
propme were determined over the complete temperature 
and pressure ranges by using cylinder No. 1, while data 
were taken bv using cylinders No. 2 and 3 for selected 
isotherms within the respective temperature ranges for 
methene and propane. The precision of the experimental 
viscosity measurements, determined by comparing the 
results obtained from the three cylinders for methane and 
propane, WBS 2 1.2% ( 1 3 ) .  

Table 2 presents the recommended values of viscosit 
for methane .and Table 3 presents the recommended v a e  
ues of viscosity and density for propane. The viscosity 
data used to prepare these tables are those obtained from 
cylinder No. 1. For methane, the tabular information was 
extended to low pressures by using th: viscosity data re- 
pnrted b Barua et al. ( 2 )  at o", -25 , and -5O'C. The 
tabulatedr information presented was obtained from 
smoothed curves of viscosity (or density) as a function 
of pressure with temperature as a parameter. The recom- 
mended values presented in Tables 2 and 3 agree with 
the dnta of cylinder No. 1 to within rfr 1%. The bubbIe 
and dew point siscosity values were obtained b 
olatto,t to the saturation pressures reported in t e htera- 
ture (12, 17). Vagor viscosities of methane at tempera- 
tures below -140 C. were obtained by extrapolation of 
higher ternperahre data, since no experimental vapor 
data were available at these tern eratures. 

rylinder No, 1 are presented in Figures 3 and 4, respec- 
tively, as graphs of viscosity vs. tern erature with pres- 

~tdb of this study with those reported in the literature. 
For mpttlxne, the hv-prwwre liqvfcl viwa-ittiPs of this 
study agree with those reported by Rossini et ai. (20) to 

tained et Reyno-da B 

i 

Tho experimental data for met E ane and propane from 

sure as a parameter. These figures aso P compare the re- 

within 2 1.4% hiit are consistently higher than those re- 
portrd l y  Swift 127) by a h w t  2.5%. irlthnti Ji Pavlovich 
and Timrot ( 1 8 )  reportcd Iiquid visrositim F or methal-tc, 
their data do not ap ear to be reliablc since they are 
considerably higher t l an the values dctermined in this 
i n ~ ~ ~ s t i g ~ ~ i o n  and those reported by Rossini et a!. and 
Swift (about 40% higher at -1Sl'C.). In the higher 
temperature region for methane, the resuits of this study 
agree we11 with thosc of Rnrua et al. ( 2 )  which is to be 
expected, since those data were used in the calibration 
of the viscornetcr. The data reported by Ross and Brown 
( IS ' )  were consistently higher than those of thir inursti- 
gation by as much as 8.3%. The data obtaiwd in the 
present study extrapolate smoothly to the ~ u r ? ~ r ~ r n ~ i ~ n t  
tern xrnture values reportcd by Baron et al. ( I f ,  Car- 

et a]. (51, a 
lowpressure IiqiJid oqities of this study a ree with 
those reported by S (27) and Hossini et af  (20) to 
within 1: 2.5% on the average, although the data of 
Swift were consistently Iower by about 1 . 5 5 ,  and those 
of Rossini et ai. were consistently higher at temperatures 
approaching the normal boiling point of propane by as 
milch as 5.7%. Again, the data of this study extrapolate 
smoothly to the superambient temperature data reported 
by Starling et aI. ( 2 6 )  which is to be expectrd, since 
these data were used in the viscometer calibration. 

Figures 5 and 6 present the residual viscosity of meth- 
ane and propane, respectively, as a function of cknsity 
and compare the results of this study to those of other 
investigators. For propane, the atmospheric pressure vis- 
cosities used in computin residual viscosity were oh- 
tained by extrapolation of 'i iterature values (6. 213). The 
average deviation of methane data of this study from the 
curve presented in Figure 5 for densities greater than 

miciael I Ciddings (11 1. For propane, the 

Fig. 5. Mathane &dud viscosity *I. density. 
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Fig. 6. Propan(? residuat viscosity VI. density. 

0.2.; g./cc. is +- 1.0%, while for propane the average de- 
yiation from the curve presented in Figure 6 fur all dcnsi- 
tie% investigated is c 1.5%. 

~ ~ q ~ ~ ~ ~ I ~ ~ 5  

A falling cylinder viscometer is described which i s  
capable of rnaasuring viscosities of light hydrocarbons in 
the pas, liqtiid, and dense fluid regions at  pressures to 
12.000 1h.i sq.in.abs. over the temperature range from 

'-170" to lOPC., while fluid densities are measured con- 
currently in the same instrument. 

The viscosities of methane and propane were deter- 
mined at  pressures to 5,000 Ib./sq.in.abs. over a tempera- 
ture range from -170" to 0°C. and -100" to O'C., re- 
spectively. The reproducibility of these data was on the 
average 2 1.2%, and agreement with fiterature values . 
was for the most part within c 2.0%. Densities of pro- 
pane were determined at  pressures to 5,OOQ lb./sq.in.abs. 
over the temperature range from -100" to 0°C. with an 
estimated accuracy of f 0.5%. 

The data of this study were used to extend the residual 
viscosity-density correlation well into the high density re- 
gion. For methane, a smooth curve of the residual viscos- 
ity-density relationship represented the data of this study 
a t  densities greater than 0.25 g./cc. to within rt 1% on 
the average and for pro ane at  all densities studied, the 
average deviation from tYl e smooth curve was -C 1.5%. 
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NOTATION 

An, 21 = coefficients of E uation ( 5 ) ,  dimensionless 

13, 
Lh = equivalent diameter of viscometer [Equation 

Dt 

Bo. B, ,  Bz = coefficients o 7 Equation (6). dime &onless 
= O.D. of falling cylinder, cm. 

= I.D. of vixometer fall tube, an, 
(411, cm- 
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f = friction factor, = 1 6 / N ~ ~ ,  dimensionless 
g = lorn1 arrcleration of gravity, cm./sec.Z 
Nfia = R v n o k h  number [Equation ( 1 ) 3  for viscometer, 

s = distance of fall in the viscometer, cm. 

lgc41e = theoretical viscometer constant [Equation (3) I, 
cc./sec.2 

Pexe = experimental viscometer ~ n s ~ R ~ t  f ~ ~ u a ~ o ~  (2)], 
cc./sec.z 

pmd = reduced viscometer constant [Equation (I)], db 
mensionless 

8 = time of fall, cm./sec. 
K = dimensionless 
p = viscosity, g./(cm.) (see,) 
p = fluid density, g./cc. 
u 
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* ~ 6 6 ~ 1 0 ~ ~ ~  TYPE 
Test ASTM D 445) 

Viscometer Constant 0 '10 63 ~ ~ t o ~ e s / S e ~ n d  
, fie viscometer constant is the same at all temperatures. 
'Eo obtain viscosity in centistakes r n ~ ~ p ~ y  the efflu time in seconds by the viscometer constant. 

. I  

+ 

' Viscosity 
Standard 

7H 

71 

- .  

. Viscosity 
eentistokes 

Ea& Time Viscometer Constant 
Seconds ~ n ~ t ~ k e ~ / S e ~ n ~  

. 22.838 , 213,3 0 .  10633 

~ 3530 334 -9 0.10624 
. -  

' 7  

Average = 0.1063 

c R. E. MANNING, Ph.D. 
W. A. Liom, Ph.D. d 

. REGISTERED PROFESSIONAL ENGINEERS 
CANNON INSTRUMENT Co. 
STATE COLLEGE, PENNSYLVANIA 

Viscozities of the standards used in calibrating were estabIished in Master Viscometers as described in lnd. 
Eng. Chem. Anal. Ed. 16, 705 (1944) by M. R. Cannon. This method has been favorably checked at the National 
Bureau of Standards by Swindells, Hardy and Cottington and their work is published in the Journal of Research of 
the Xational Bureau of Standards, Vol. S2, No. 3 March 1954, Research Paper 2479. 
Viscosities are based on the new value for water adopted by the National Bureau of Standards and The Ameri- 
can Society for Testing Materials July 1, 1953. The new viscosity basis is 1.0038 centistokes for water at 68" F. 
The gravitational constant, g, is 980.1 -/sed at the Cannon Instrument Company. The gravitational constant 
varies up to 0.18 in the United States. To make this small correction in the viscometer constant, mdtiply the above 
viscometer constant by the factor [g (at your laboratory) /980.1]. 

See instructions for use of the Cannon-Vbbelohde Viscometer on the reverse side. 
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'See also ASTM D 445 

C 

H 

~ a n n o ~ U b b ~ l o ~ $ ~  Type 
for  Transparent liquids 

1. Clean the viscometer using suitable solvents and 
passing clean, dry filtered air throu~h the instrument to remove the 
final traces of solvents. Periodically, traces of organic deposits should 
be rcmovcd with chromic acid. 

- 2, If thcrc is a possibility of lint, dust, or other solid materid in 
the tiquid sample, filter the samplc ~ ~ ~ - o ~ i ~ ~ ~  a fritted glass filter or 
h e  mesh screen. 

Charge the viscometer by pouhhg enough sample ~ r ~ u ~ h  
tube C to fill the lower rescrvoir about one-hag full. 

4. Place the viscometer into the hoIder'* and insert it into the 
constant temperature bath. Vertically align the viscometer io &e bath 
if a self aligning holder has not been used. 

5. Allow approximately 20 minutes for the sample to come to 
bath temperature. 

6. Place a finger over tube B and apply suction to tube A until 
the liquid reaches the center of bulb D. Remove suction from tube A. 
Remove finger from tube B, and immediately place it over tube A 
until the sample drops away irom the lower end of the capillary into 
bulb I. Then remove finger and measure the eHux time. 

7. To measure the efflux h e ,  allow the liquid sample ta flow 
freely down past etch mark E, measuring the time €or the meniscus to 
pass from etch mark E to etch mark C to the nearest 0.1 second. 

8. Calculate the viscosity of &e sample by ~ ~ t i p l ~ ~ ~  the efflux 
time by the viscomete- constant. 

9. Without recharging the viscometer, make cheek d e ~ e ~ a -  
tiom by repeating steps 6 to 8. 

3. 

e US. Patent 2$05,570 
.* Exdent barpensive holilers me listed in our Viscometer Bdctin. 

RECOMMENDED VISCOSITY RANGES FOR THE CANNON-UBBELOHDE VISCOMETERS 

A mimate Constant Range Range 
Size ?$ntistokcs/Second Cent istokes Saybolt Uniuersal, sec 

25 
50 
75 
100 
150 
200 
300 
350 
400 
450 
500 
600 

0.002 
0,004 
0.008 
0.015 
0.035 
0.1 
0.25 
0.5 
1.2 
2.5 
8 

m .  

0.3 to 1.6 
0.8 to 3.2 
1.6 to 6.4 
3 to 12 
7 to 25 
20 to 80 
50 to 200 
100 to 400 
240 to 960 
500 to 2000 
1600 to 6100 
4000 to lGOO0 

............................ 

............................ 

............................ 
36 to 66 
49 to 133 
98 to 370 

230 to 930 
460 to 1900 

1100 to 4400 
2300 to 9300 
7400 to 29600 
18509 to 74100 

For infannation for other sizes and viscometers, write to us. 
CANNON INSTRUMENT CO. P. 0. BOX 812 STATE COLLEGE, PA. 16801 
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EXHIBIT C 



Y R E X  STANDARD 
A L L  T U  G 

0. D . 1  
1.  D, 

3r-- 
I 

* D E N S I T Y  . .  C E L L  
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D IMENSIONS I N  c m  

/5- - -  


